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Coupled microwave photon-magnon hybrid systems offer promising applications by harnessing
various magnon physics. At present, in order to realize high coupling strength between the two
subsystems, bulky ferromagnets with large spin numbers are utilized, which limits their potential
applications for scalable quantum information processing. In this paper, by enhancing single spin
coupling strength using lithographically defined superconducting resonators, we report high coop-
erativities between a resonator mode and a Kittel mode in nanometer thick Permalloy wires. The
on-chip, lithographically scalable, and superconducting quantum circuit compatible design provides
a direct route towards realizing hybrid quantum systems with nanomagnets, whose coupling strength
can be precisely engineered and dynamic properties can be controlled by various mechanisms derived
from spintronic studies.
Hybrid quantum systems have been extensively stud-
ied to harness advantages of distinct physical systems
and realize functions that cannot be achieved with any
individual sub-system alone [1, 2]. In particular, cav-
ity and circuit quantum electrodynamics (Cavity/Circuit
QED) [3–5] provide promising platforms for realizing hy-
brid quantum systems using Josephson qubits, mechan-
ical systems [6], atoms [7], quantum dots [8], as well as
ensembles of spins [9, 10]. For realizing coherent en-
ergy and information exchange, electric dipole interac-
tions have been traditionally utilized to couple photons
with other quantum excitations. Recently, coupled mi-
crowave photon-magnon systems have received great at-
tention as an alternative approach to realize strong light-
matter interactions using magnetic dipole coupling [11–
17]. In this system, magnons in magnetic materials with
high spin density are utilized, where coupling strength
g is collectively enhanced by square root of number of
spins (g = gs
√
N) [14] to overcome the weak coupling
strength gs between a single spin and the microwave
field. Along this line, sizable ferrimagnets, yttrium iron
garnet (YIG) with millimeter dimensions have been em-
ployed for reaching strong coupling. While great success
has been demonstrated in achieving coherent sensing and
control over the magnonic quantum state using this ar-
chitecture [18–20], one important question remains unan-
swered: whether such a system is scalable for achieving
integrable hybrid quantum systems. In the meantime,
reducing the size of magnets in this hybrid quantum
system can potentially provide another degree of free-
dom for realizing active sensing and control of quantum
states: In the study of spin electronics, sophisticated
techniques have been developed for manipulating and
detecting spin states using various electrical methods,
however these effects only work efficiently in nanoscale
magnets [21–25]. In this work, by utilizing lithographi-
cally defined superconducting resonators with enhanced
single spin coupling strength gs, we demonstrate strong
magnon-photon coupling with nanometer size Permalloy
thin film stripe (Permalloy=Py=NiFe), where the num-
ber of spins is in the order of 1013, 3 orders of magni-
tude lower compared with previous studies. Moreover,
we confirm the scaling law g = gs
√
N by varying Py
magnetic volume and extract gs, which agrees well with
the theoretical value derived from our analytical model.
This highly engineerable device design and the large cou-
pling strength with nanomagnets provides a direct av-
enue towards hybrid quantum systems which can ben-
efit from various magnon physics, including nonlinear-
ity [26], synchronized coupling [27, 28], non-Hermitian
physics [29, 30], as well as current or voltage controlled
magnetic dynamics [22, 23, 25].
Fig. 1a shows the image of a typical lithographically
defined superconducting coplanar waveguide resonator
that is coupled with a thin film ferromagnet (inset). We
can model this hybrid system quantum mechanically as
a macrospin coupled to an LC resonator through os-
cillating magnetic field brf generated by the inductor,
where brf = brfxˆ is the magnetic field experienced by
the macrospin per unit inductor current. During the ex-
periment, an external field Bext = −B0zˆ is applied to
tune the intrinsic resonant frequency of the macrospin.
The total Hamiltonian of the system can be written as
[11, 15]:
Hˆ = h¯ωr(aˆ
†
raˆr +
1
2
)−ωm(B0)Sˆz + gs(Sˆ+aˆ†r + Sˆ−aˆr) (1)
where aˆ†r (aˆr) is the creation (annihilation) operator
of microwave photon modes in the resonator and Sˆ =
1
2 (Sˆ+ + Sˆ−)xˆ+
1
2i (Sˆ+− Sˆ−)yˆ+ Sˆz zˆ is the macrospin op-
erator, with Sˆ+ (Sˆ−) raising (lowering) the z-component
of the macrospin. The resonant frequencies of the
resonator ωr and the macrospin ωm(B0) are given by
ωr = 1/
√
LC and the Kittel formula, separately. The
single spin coupling strength gs can be represented as
gs = geµBbrfωr/
√
8h¯Zr [31], with Zr =
√
L/C being
the characteristic impedance of the LC resonator. The
eigenfrequencies of the hybrid system can be calculated
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2FIG. 1. a) Photo of a CPW resonator device with 100µm×8µm×50nm MgO/Py/Pt stripe deposited at the center of the signal
line. The distance L = 12 mm between the two open gaps at the ends of CPW defines the fundamental resonant frequency
to be 4.96 GHz. b) Microwave transmissions at 1.5 K with zero applied field before and after Py is deposited, exhibiting
resonance signals with quality factors 1570 and 760, respectively. With Py, the resonator mode is blue detuned due to residual
coupling to the magnon mode. c) Microwave transmission as a function of frequency and in-plane magnetic field at 1.5 K for a
sample with 500µm×8µm×50nm Py showing characteristic anti-crossing of magnon-photon coupling. (The data from b) and
c) are taken from different samples). d) Theoretical microwave transmission spectrum calculated using input-output theory
with parameters obtained from the experiment.
as [12]:
ω± = ωr + ∆/2±
√
∆2 + 4g2/2 (2)
where ∆ = ωm(B0)−ωr is the detuning and g = gs
√
N is
the total magnon-photon coupling strength. Therefore,
in order to achieve scalable strong magnon-photon cou-
pling with reduced N , it is important to increase the
value of gs. For fixed resonant frequency of the res-
onator, two strategies can be employed to achieve this:
(i) increasing brf by adjusting geometry of the induc-
tive wire, or by placing the magnet close to the loca-
tion with maximum magnetic field in the resonator; (ii)
reducing Zr by utilizing low-impedance resonators with
small L and large C. Adopting the first strategy in a su-
perconducting coplanar waveguide (CPW) resonator, we
first realize a relatively high single spin coupling strength
gCPWs /2pi = 23 Hz by depositing the Permalloy stripe di-
rectly on top of the signal line with a thin insulating
insertion, where strong coupling is realized with as few
as 1013 spins. Furthermore, by combining both strate-
gies, we show that very high coupling gLEs /2pi = 346 Hz
can be achieved in a lumped element LC resonator, which
allows another two orders of magnitude reduction in spin
number N to achieve similar coupling strength.
To enhance the microwave magnetic field generated by
unit inductor current brf, we minimize the width of the
CPW resonator signal line in Fig. 1a to be wCPW = 20
µm. The L = 12 mm long resonator is then capaci-
tively coupled to the external circuit through two gaps
at the ends of signal line, leading to a fundamental
resonant frequency ωr/2pi = c/2L
√
eff ≈ 4.96 GHz,
where eff = 6.35 represents the average dielectric con-
stant of vacuum and Si substrate [32]. The fundamen-
tal mode has a current distribution which reaches max-
imum at the center of the signal line, where we deposit
a MgO(5nm)/Py(50nm)/Pt(10nm) stripe by magnetron
sputtering followed by liftoff. The thin insulating MgO
layer protects superconducting Nb from ferromagnetic
exchange coupling, while bringing Py close to the sur-
face of Nb for large RF magnetic field. We mount the
device in a cryostat with a base temperature of 1.5 K
and studied the transmission of microwave signal with a
Vector Network Analyzer. The transmission of the res-
onator before and after the deposition of Py stripe at
zero field is shown in Fig. 1b, where the quality factor
can be determined to be Q = 1570 and 760, separately.
To tune the frequency of magnetic resonance, an in-plane
magnetic field Bext is applied along the long axis direc-
tion of Py stripe. As the RF magnetic field produced
by the signal line is perpendicular to the external field
direction, the FMR mode can be excited, thereby in-
ducing a microwave photon-magnon coupling. Fig. 1c
shows the transmission of a sample with 500µm×8µm
lateral dimensions as a function of frequency and ap-
plied magnetic field. The distinct anti-crossing feature
at B0 = 8 mT is a result of microwave photon-magnon
coupling where interaction between the two modes lift
the degeneracy in resonance frequencies. The resonant
modes evolution can be fitted by Eq. 2, with ωm(B0) =
γ
√
[B0 + (Ny −Nz)µ0Ms][B0 + (Nx −Nz)µ0Ms] given
by Kittel formula. In ωm(B0), the demagnetization fac-
tors Ni are taken into account, which can be analyti-
cally calculated with the dimension of the Py stripe [33].
Through the fitting, we extract the coupling strength
g/2pi = 64 MHz, the saturation magnetization µ0Ms =
1.2 T of the Py stripe, and the resonator frequency
ωCPWr /2pi = 4.690 GHz. Furthermore, we obtain the
decay rates of the resonator mode κr/2pi = 1.5 MHz
and magnon mode κm/2pi = 122 MHz by a transmis-
sion measurement of bare resonators and an independent
FMR measurement, separately. To validate the coupling
strength and decay rates, we adopt the input-output the-
3FIG. 2. a) Image of a low-impedance lumped element resonator device with 40µm×2µm×10nm MgO/Py/Ta stripe deposited
at the center of the 4 µm wide inductive wire. b) Left: Microwave transmission of the low-impedance resonator obtained from
experiment and simulation. Two modes are observed as transmission minima due to photon absorption from the signal line.
Right: Simulation of current density distribution of the resononant modes, respectively. Red and blue color indicates regions
with strong and weak current densities, respectively. The first harmonic mode exhibits large current density at the central
inductive wire which enhances coupling. c) Microwave transmission as a function of frequency and in-plane magnetic field at
1.5 K. µ0Ms = 1 T and g/2pi = 74.5 MHz are determined from the fitting shown in dashed line. Minimum transmission shows
up under resonant conditions.
ory which gives microwave transmission coefficient as a
function of frequency and magnetic field in our system
[12, 34]:
S21(ω,B0) =
κr,i
i(ω − ωr)− κr + g2i(ω−ωm(B0))−κm/2
(3)
where κr,i describes the external coupling rate to the cav-
ity and only results in a constant offset in unit of dB.
With the parameters measured in our experiment, we
plot the theoretical transmission spectrum in Fig. 1d,
which attains reasonable agreement with the experiment
results, with the minimum transmission signal of the lat-
ter limited by the background level.
Using Ms and the magnetic volume of the Py stripe,
we estimate the number of spins involved in the cou-
pling to be N = 1.2 × 1013. By fabricating devices with
different length of Py stripes, we confirm the scaling of
g ∝ √N and extract the single spin coupling strength
gCPWs /2pi = 23 Hz (Fig. 3). As the Py stripe is at
the center of the 20 µm wide signal line, we can assume
that the RF magnetic field is uniform throughout the
Py volume and estimate bCPWrf = µ0/2w
CPW. Together
with the designed impedance ZCPWr = 50 Ω of CPW res-
onators, we calculate the theoretical single spin coupling
strength to be gCPWs,theory/2pi = 20 Hz, which agrees well
with our experimental value. In the device with 2000 µm
long Py, coupling strength g/2pi = 171 MHz is obtained
which is larger than κc and κm, and therefore falls into
the strong coupling region. The corresponding coopera-
tivity g2/κcκm = 160 is very high for this small magnetic
volume.
Next, we adopt the strategy of impedance reduction to
further enhance the coupling strength. Low-impedance
lumped element LC resonator has been recently employed
for paramagnetic electron spin resonance experiments
[31, 35, 36], but the potential for reaching strong magnon-
photon coupling remains largely unexplored. As is shown
in Fig. 2a, the resonator consists of large inter-digitated
capacitors in parallel with a small inductor, and is capac-
itively side-coupled to the signal line of a CPW. The mea-
sured transmission coefficient of this resonator is shown
in Fig. 2b, where a minimum transmission shows up un-
der the resonant condition due to its absorptive nature,
in contrast to transmission peaks observed in the CPW
resonator. Two resonant modes are observed in the trans-
mission of the bare resonator, with resonant frequencies
located at 5.42 and 9.19 GHz, separately. In order to
understand the properties of the two modes, we carried
out electromagnetic wave simulations (Sonnet) and found
that the lower frequency mode corresponds to the case
with a high current density passing through the central
inductive wire (see simulation results in Fig. 2b). We
estimate the capacitance C of this mode analytically [37]
to be 1.91 pF and obtain the corresponding inductance
L = 0.45 nH using the measured ωr. The character-
istic impedance of this LC circuit is calculated to be
ZLEr =
√
L/C ≈ 15.3 Ω, much smaller than the value
of CPW resonators. Moreover, the inductor width wLE
is designed to be only 4 µm to further increase magnetic
field intensity. Fig. 2c shows the transmission of a res-
onator that is coupled with a 40µm×2µm×10nm Py wire,
as a function of frequency and applied magnetic field.
Fitting the resonant frequencies evolution using Eq. 2, we
extract the coupling strength g/2pi = 74.5 MHz, the sat-
uration magnetization µ0Ms = 1.0 T, and the resonator
frequency ωLEr /2pi = 5.253 GHz. The relatively smaller
Ms value compared with that of the previous CPW res-
onator sample comes from the thinner Py film thickness
(10 nm vs 50 nm) and potential magnetically dead in-
terfacial layer [38]. With decay rates of the cavity mode
4FIG. 3. Magnon-photon coupling strength g as a function of
magnetic volume and spin number. The dashed lines repre-
sent fittings of the scaling rule g = gs
√
N . The single spin
coupling strength for two resonators in this work are deter-
mined to be gCPWs /2pi = 23 Hz and g
LE
s /2pi = 346 Hz in CPW
resonators and lumped element resonators, respectively.
κc/2pi = 1.05 MHz and magnon mode κm/2pi = 122
MHz, we calculate the cooperativity g2/κcκm = 43.3,
which is fairly large considering the very small number
of spins (N = 4.8 × 1011). By fabricating devices with
different length of Py stripes, we extract the single spin
coupling strength gLEs /2pi = 346 Hz (Fig. 3), which is
an order of magnitude larger than the value with CPW
resonator. The gLEs /2pi value obtained in our experi-
ment is larger than the one calculated using our model
gLEs,theory/2pi = 202.5 Hz, which can be attributed to the
enhancement of magnetic field at the edge of the inductor
wire due to the field’s nonuniform distribution [31, 36].
The good agreement between theoretical and experimen-
tal values in both CPW resonators and low-impedance
lumped element resonators confirm the magnon-photon
coupling strength g = gs
√
N = geµBbrfωr
√
N/8h¯Zr ob-
tained from our quantum mechanical model.
In summary, we have demonstrated high cooperativity
microwave photon-magnon coupling between a resonator
mode in planar superconducting resonators and a Kittel
mode in Py nanomagnets. With enhanced single spin
coupling strength gs, the number of spins N involved for
reaching strong coupling is 3 orders of magnitude lower
than previous experiments. In our experiment, a ferro-
magnetic metal with relatively high damping coefficient
(Py) is employed. By simply replacing magnetic met-
als with insulator thin films with ultralow damping such
as YIG (Q>1000)[39], we expect strong magnon-photon
coupling to be realized with as few as 107 spins using our
current design. On the other hand, our studies show that
the coupling strength obtained from the analytical model
provides relatively precise estimate on the experimental
values, which can be used as guidelines for further scal-
ing down the magnonic system volume. For example, a
lumped element resonator made by nanofabrication tech-
nique with inductor width of ∼100 nm can reduce the
number of spins for reaching strong coupling to 104. Our
system is on-chip, lithographically scalable [40], and Cir-
cuit QED compatible, which demonstrates high poten-
tial for integrated hybrid quantum systems harnessing
magnon physics. Moreover, the high coupling strength
with nanomagnets opens up the possibility of electrical
control of the hybrid system dynamics utilizing spintronic
effects, such as spin torque [22, 23, 25] and voltage con-
trolled magnetic anisotropy [41].
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SUPPLEMENTAL MATERIAL
Magnon-Photon Coupling Hamiltonian and Semi-classical Equations of Motion
We consider the quantum mechanical model of a quantum macrospin coupled to an LC resonator through oscillating
magnetic field generated by the inductor. The macrospin model is justified as we observe the uniform ferromagnetic
resonance mode, Kittel mode, in the experiment. The LC circuit model has been widely adopted to describe the
photon modes of superconducting resonators in the context of Circuit QED [S1]. The Hamiltonian is composed of
three parts: LC resonator Hˆr = LIˆ
2/2+CVˆ 2/2, magnon Hˆm = geµB/h¯Sˆ·Beff , and interaction Hˆint = geµB/h¯Sˆ·Bˆrf =
geµB/h¯Sˆ ·brf Iˆ, where brf is the magnetic field experienced by the macrospin per unit inductor current. The effective
field of the magnon Beff generally contains contributions from external field Bext as well as anisotropy, which we
neglect now for simplicity. The macrospin operators satisfies the commutation relation [Sˆi, Sˆj ] = ih¯ijkSˆk, where
ijk is the Levi-Civita tensor. To match our experimental setup, we adopt Bext = −B0zˆ and brf = brfxˆ. The total
Hamiltonian can thus be written as :
Hˆ =Hˆr + Hˆm + Hˆint
=
1
2
LIˆ2 +
1
2
CVˆ 2 +
geµB
h¯
Sˆ ·Bext + geµB
h¯
Sˆ · Bˆrf
=
1
2
LIˆ2 +
1
2
CVˆ 2 − geµB
h¯
B0Sˆz +
geµBbrf
h¯
SˆxIˆ
(4)
Note that without the interaction Hamiltonian Hˆint, the ground state of the macrospin is with 〈Sˆ〉 = h¯Szˆ where
the macrospin with total spin S is aligned in positive z-direction by the external field. To proceed, we express the
macrospin operator Sˆ = 12 (Sˆ+ + Sˆ−)xˆ+
1
2i (Sˆ+− Sˆ−)yˆ+ Sˆz zˆ, with Sˆ+ (Sˆ−) raising (lowering) the z-component of the
macrospin. We also express operators Vˆ and Iˆ in terms of creation (annihilation) operators of photon modes in the
resonator aˆ†r (aˆr): Vˆ = iωr
√
h¯Zr/2(aˆ
†
r − aˆr) and Iˆ = ωr
√
h¯/2Zr(aˆ
†
r + aˆr), where Zr =
√
L/C and ωr = 1/
√
LC are
the impedance and the resonant frequency of the LC resonator, respectively. Note that in this LC circuit quantization
6convention, the semiclassical equations of motion without the macrospin are d 〈Vˆ 〉 /dt = 〈[Vˆ , Hˆr]〉 /ih¯ = −〈Iˆ〉 /C
and d 〈Iˆ〉 /dt = 〈[Iˆ , Hˆr]〉 /ih¯ = 〈Vˆ 〉 /L obtained by Ehrenfest Theorem (d 〈Oˆ〉 /dt = 〈[Oˆ, Hˆ]〉 /ih¯ for general time
independent operator Oˆ), which resembles dynamics of a classical LC circuit. With the above expressions of operators
and adopting rotating wave approximation, the Hamiltonian can now be written as:
Hˆ =h¯ωr(aˆ
†
raˆr +
1
2
)− geµB
h¯
B0Sˆz +
geµBbrfωr
h¯
√
h¯
8Zr
(Sˆ+aˆ
†
r + Sˆ−aˆr)
=h¯ωr(aˆ
†
raˆr +
1
2
)− ωm(B0)Sˆz + gs(Sˆ+aˆ†r + Sˆ−aˆr)
(5)
where ωm(B0) = geµBB0/h¯ and gs = geµBbrfωr/
√
8h¯Zr are the magnon frequency (a function of applied field B0)
and single spin-photon coupling strength which will become clear shortly, respectively. For general ferromagnetic
resonance, ωm(B0) is given by Kittel formula. We can now compute the time evolution of expectation values of
resonator and macrospin operators using Ehrenfest Theorem:
d 〈aˆr〉
dt
= −iωr 〈aˆr〉 − igs
h¯
〈Sˆ+〉
d 〈Sˆ+〉
dt
= −iωm(B0) 〈Sˆ+〉 − i2gs 〈aˆrSˆz〉
d 〈aˆ†r〉
dt
= iωr 〈aˆ†r〉+ i
gs
h¯
〈Sˆ−〉
d 〈Sˆ−〉
dt
= iωm(B0) 〈Sˆ−〉+ i2gs 〈aˆ†rSˆz〉
(6)
Here we assume that the amplitude of magnetic oscillation is small such that the state is approximately an eigenstate
of Sˆz with eigenvalue h¯S =
h¯N
2 , where N is the total number of spins mentioned in the main text. In this assumption,
the upper two equations are decoupled from the lower two equations. Moreover, the algebraic structure is similar to
coupled harmonic oscillators. We assume harmonic time dependence 〈aˆr〉 = a0eiωt and 〈Sˆ+〉 = S0eiωt. The upper
two equations indicate the eigenvalue problem:(
ω − ωr gs/h¯
Ngsh¯ ω − ωm(B0)
)(
a0
S0
)
= 0 (7)
The eigenvalue equation gives two resonant frequencies: ω± = ωr + ∆2 ±
√
∆2 + 4g2, where ∆ = ωm(B0) − ωr is
the detuning and g = gs
√
N is the total magnon-photon coupling strength. The coupled modes dispersion describe
the characteristic anticrossing observed in experiment. Here we see the scaling of coupling strength with number of
spins g = gs
√
N , with the single spin coupling strength gs = geµBbrfωr/
√
8h¯Zr derived in a quantum mechanical
manner. The semiclassical model expresses classical physical quantities (such as I(t) and Sx(t)) in terms of quantum
expectation values of operators (such as 〈Iˆ〉 and 〈Sˆx〉), whose time evolutions are related to those of 〈aˆr〉 and 〈Sˆ+〉,
together with 〈aˆ†r〉 = 〈aˆr〉∗ and 〈Sˆ−〉 = 〈Sˆ+〉
∗
. The constants a0± and S0± can be determined by initial conditions
of the problem in consideration. This can be adopted to describe ”Rabi-like” oscillations in magnon-photon coupled
systems in classical region. [S2]
We can also rewrite the Hamiltonian using Holstein-Primakoff transformation which expresses the macrospin oper-
ators as magnon excitation boson operators aˆ†m and aˆm:
Sˆ− =h¯aˆ†m
√
2S − aˆ†maˆm
Sˆ+ =h¯
√
2S − aˆ†maˆmaˆm
Sˆz =h¯S − h¯aˆ†maˆm
(8)
Again, we assume the magnon excitation is small (〈aˆ†maˆm〉 /S  1) and neglect the term aˆ†maˆm in the transformation.
The total spin is S = N/2. We drop the constant energy terms and get the Hamiltonian:
H = h¯ωraˆ
†
raˆr + h¯ωm(B0)aˆ
†
maˆm + h¯gs
√
N(aˆmaˆ
†
r + aˆ
†
maˆr) (9)
7The time evolution of the operators can be computed:
d 〈aˆr〉
dt
= −iωr 〈aˆr〉 − igs
√
N 〈aˆm〉
d 〈aˆm〉
dt
= −iωm(B0) 〈aˆm〉 − igs
√
N 〈aˆr〉
d 〈aˆ†r〉
dt
= iωr 〈aˆ†r〉+ igs
√
N 〈aˆ†m〉
d 〈aˆ†m〉
dt
= iωm(B0) 〈aˆ†m〉+ igs
√
N 〈aˆ†r〉
(10)
The upper two equations are already decoupled from the lower two, due to the assumption of small magnon excitation.
We assume harmonic time dependence 〈aˆr〉 = ar0eiωt and 〈aˆm〉 = am0eiωt. We get eigenvalue equation:(
ω − ωr gs
√
N
gs
√
N ω − ωm(B0)
)(
ar0
am0
)
= 0 (11)
We again obtain ω± = ωr + ∆2 ±
√
∆2 + 4g2, where g = gs
√
N is the total magnon-photon coupling strength.
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